Abstract Vancomycin is a glycopeptide antibiotic that is active against Gram-positive bacteria, including methicillin-resistant Staphylococcus aureus. Nephrotoxicity, which is usually reversible, is the most serious common adverse effect of vancomycin. Vancomycin-associated nephrotoxicity prolongs hospital stays, imposes a need for additional antibiotics and, in rare circumstances, dialysis treatment, and increases medical costs and mortality. Risk factors for nephrotoxicity include the dose and duration of vancomycin treatment, serum trough concentration, patient characteristics, and concomitant receipt of nephrotoxins. Contemporary guidelines recommend targeting vancomycin trough concentrations of C10 mg/L to prevent resistance and trough concentrations of 15-20 mg/L to optimize outcomes. There is significant correlation between vancomycin trough serum concentrations and the incidence of vancomycin-associated nephrotoxicity; however, evidence of an association between trough concentrations and efficacy is less convincing. Routine monitoring of serum vancomycin concentrations consumes time and limited healthcare resources and may not be cost effective. The use of alternative antibacterial agents that do not require monitoring would free up pharmacy resources. This time could then be devoted to initiatives such as pharmacist-led antibiotic stewardship programs that are known to reduce antibiotic use and promote improved patient outcomes.
Introduction
Vancomycin is a glycopeptide antibiotic that has been used since the mid-1950s to treat Gram-positive bacterial infections, including methicillin-resistant Staphylococcus aureus (MRSA) [1] . The Infectious Disease Society of America (IDSA) guidelines recommend vancomycin as a first-line agent for MRSA infections [2] . Furthermore, the guidelines for vancomycin therapeutic monitoring from the American Society of Health-System Pharmacists, IDSA, and the Society of Infectious Diseases Pharmacists suggest targeting vancomycin trough concentrations of C10 mg/L to avoid development of resistant strains [3] and trough concentrations of 15-20 mg/L to improve tissue penetration, increase the probability of achieving optimal target serum concentrations, and improve clinical outcomes. However, these recommendations were made with very little supporting clinical data and even less safety data [4] . Since the guidelines were published in 2009, several studies have evaluated the efficacy and safety associated with more aggressive vancomycin dosing [5] [6] [7] [8] .
A limited number of studies have evaluated the time and money spent monitoring the efficacy and safety of vancomycin. While the average daily cost of vancomycin is relatively low (approximately $US15-55) [9] , a comprehensive account of the cost of vancomycin use would include the direct costs associated with measuring serum concentrations and those associated with the treatment of adverse reactions, namely nephrotoxicity. Monitoring serum concentrations involves the time of several health professionals to write orders, collect and process blood samples, report and interpret results, and document recommendations. The use of time for these purposes is associated with opportunity costs. Therefore, it may be useful to prescribe alternative antibiotics that do not require monitoring for MRSA infections, as this would free up time for clinicians, particularly pharmacists. This time could be devoted to initiatives with proven benefits, such as antibiotic stewardship programs.
The objective of this review was to describe the risk factors and consequences of vancomycin-associated nephrotoxicity, the value of monitoring serum vancomycin concentrations, and to discuss the direct and indirect costs associated with nephrotoxicity. Finally, we consider pharmacokinetic and clinical alternatives to vancomycin serum concentration monitoring, including stewardship programs, as a potential use for pharmacist time.
Search Strategy and Criteria
A ''focused search'' strategy was employed to retrieve relevant articles from the PubMed database. Search terms including ''vancomycin'', ''nephrotoxicity'', ''acute kidney injury (AKI)'', ''AKI Network (AKIN)'', and ''serum concentration'' were used to identify articles of interest. In addition, the reference lists of each cited article were searched manually to identify other articles of potential interest.
Vancomycin-Associated Nephrotoxicity
Nephrotoxicity is a significant adverse event associated with vancomycin that is reversible in most cases [10] . Vancomycin-associated nephrotoxicity has been generally defined as changes from baseline in serum creatinine (SCr) or creatinine clearance (CrCl) [11] . AKI in clinical practice is often defined on the basis of the RIFLE (Risk, Injury, Failure, Loss of kidney function, and End-stage kidney disease) or AKIN criteria [12] ; however, these systems have rarely been used to define vancomycin-associated nephrotoxicity or evaluate outcomes in such patients. The RIFLE criteria are used to grade kidney dysfunction as risk, injury, or failure based on the magnitude of the increase in SCr or decrease in urine output. Risk, injury, and failure are defined, respectively, as a 1.5-, 2-, or 3-fold increase in SCr; a 25, 50, and 75% decrease in glomerular filtration rate (GFR); or a urine output \0.5 ml/kg/h for 6 h, \0.5 ml/kg/h for 12 h, or \0.3 ml/kg/h for 24 h [12, 13] . In addition to the 3 RIFLE risk levels, the outcome of AKI is graded as ''loss'' or ''end-stage renal disease'' when renal replacement therapy is required for [4 and [12 weeks.
The AKIN criteria include an absolute increase in SCr of C0.3 mg/dl, a C50% increase in SCr within 48 h, or urine output\0.5 ml/kg/h for C6 h [14] . AKIN stages 1, 2, and 3 are defined as urine output \0.5 ml/kg/h for 6 h (SCr of C1.5-to 2-fold from baseline), \0.5 ml/kg/h for 12 h (SCr of [2-to 3-fold from baseline), or \0.3 ml/kg/h for 24 h (SCr of [3-fold from baseline), respectively [14] . Using the AKIN criteria may facilitate early identification of patients with vancomycin-associated nephrotoxicity according to the results of a prospective observational study [15] . In this study, 43 of 227 (19%) patients were diagnosed with AKI per AKIN criteria with onset within 6 days of vancomycin therapy. In contrast, just 17 of these 43 patients had AKI according to the traditional criteria (increase in SCr of C0.5 mg/dl or 50% over baseline) [15] . Moreover, most of the patients identified by AKIN criteria were identified during AKI stage 1 (92%) and were considered to be at risk of AKI (68%), whereas most patients diagnosed by traditional criteria were identified during AKI stage 2 (59%) and were considered to have already sustained injury (65%). Earlier diagnosis of AKI using the AKIN criteria resulted in a trend towards a shorter median length of stay (7.5 vs. 11 days) and lower mortality rate (12 vs. 29%) than when traditional criteria were used; however, these differences were not significant [15] .
Evidence for Vancomycin-Associated Nephrotoxicity
Nephrotoxicity associated with vancomycin treatment has been reported by a number of studies. For example, Prabaker et al. [16] , evaluated nephrotoxicity in 348 patients who had received C5 days of vancomycin treatment. Vancomycin-associated nephrotoxicity was defined as a 50% increase in SCr on C2 consecutive days after initiation of vancomycin treatment and for up to 72 h after the final dose. The overall incidence of nephrotoxicity was 8.9% (31/348), and resolution of nephrotoxicity was observed in 21/27 patients (77.8%) either prior to or within 72 h of vancomycin discontinuation (4 patients did not have a follow-up SCr determination within 72 h of discontinuing vancomycin therapy). The remaining 6 patients had all received treatment with concomitant nephrotoxins prior to the onset of nephrotoxicity [16] . An analysis conducted by the Spanish National Health System [17] evaluated healthcare resource utilization in hospitalized patients with nosocomial pneumonia treated with either linezolid or vancomycin. Renal failure was defined using RIFLE criteria, and 43 patients developed renal failure during the trial, including 34 recipients of vancomycin and 9 recipients of linezolid (p \ 0.001) [17] .
The clinical impact of vancomycin-associated nephrotoxicity can be challenging to determine because of different definitions of nephrotoxicity, difficulties related to assessing recovery, and limited data regarding the clinical outcomes of patients who develop nephrotoxicity. A number of meta-analyses have evaluated various factors that drive nephrotoxicity associated with vancomycin therapy. A meta-analysis of 15 studies using data from patients with vancomycin trough concentrations (\15 vs. C15 mg/L) showed that nephrotoxicity occurred on average 4-17 days after the start of vancomycin therapy, and that the incidence ranged from 5 to 43% with the wide variation reflecting the characteristics of the population, in particular residence in an intensive care unit (ICU) [11] . Renal function recovered within 1 week of vancomycin discontinuation in 44-75% of patients with nephrotoxicity [11] . Elyasi et al. [18] , reviewed 81 total and 57 human studies and determined that vancomycin-associated nephrotoxicity was common in individuals with concomitant predisposing risk factors. Some of the well-studied risk factors included high trough vancomycin level ([20 mg/L) or doses ([4 g/day), treatment with concomitant nephrotoxic agents, prolonged therapy ([7 days), and prolonged ICU stay. Vancomycin-associated nephrotoxicity was rare in patients without predisposing factors and for the most part was a reversible adverse effect [18] . Another review of 12 studies critically evaluated the risk of developing nephrotoxicity (C50% increase over baseline SCr or a 50% decrease in CrCl from baseline) with high-dose vancomycin treatment (daily dose C4 g or [30 mg/kg or trough concentrations of 15-20 mg/L). This analysis determined that high-dose vancomycin therapy was associated with higher nephrotoxicity, especially when risk factors, such as prolonged therapy ([7 days), receipt of concomitant nephrotoxins or vasopressors, and physical impairment (e.g., obesity), were included [19] . A metaanalysis of 7 studies evaluated the effect of continuous vs. intermittent vancomycin infusion on the development of nephrotoxicity. This analysis determined that continuous infusion of vancomycin was associated with a lower risk of nephrotoxicity compared with intermittent infusion; however, this trend was not significant, and further study is needed to ascertain the benefits of either infusion type [20] .
Combinations of vancomycin and other antibacterial agents are increasingly being used to treat serious MRSA infections [21] . In a recent study, combinations of vancomycin and b-lactams resulted in significantly higher microbiological eradication of MRSA bacteremia than vancomycin alone (96 vs. 80%; p = 0.021) [22] . However, several studies have reported an increased incidence of nephrotoxicity with a vancomycin plus piperacillin-tazobactam (PTZ) combination [23] [24] [25] . A large retrospective cohort (N = 11650) was evaluated to determine the AKI incidence in patients treated with vancomycin or PTZ alone or in combination. The AKI incidence was determined to be significantly higher in the vancomycin-PTZ group (21%) than either of vancomycin (8.3%) or PTZ (7.8%) treatment groups (p \ 0.0001) [24] . Another study sought to determine whether the addition of PTZ in patients receiving vancomycin treatment increased nephrotoxicity and found a higher incidence of nephrotoxicity in the combination group than in the vancomycin group (16.30 vs. 8.08%; p = 0.041) [25] . A separate retrospective analysis compared AKI between patients treated with vancomycin-PTZ and those treated with vancomycin-cefepime and found a significantly higher AKI incidence in the vancomycin-PTZ group than in the vancomycin-cefepime group (34.8 vs. 12.5%; p \ 0.0001) [23] . These data suggest that a vancomycin-PTZ combination may be associated with an increased risk of nephrotoxicity, and therefore, warrants judicious use in empiric therapy. The mechanism of this increase in nephrotoxicity following combined treatment with vancomycin and PTZ needs to be further characterized by randomized controlled trials.
Risk Factors for Vancomycin-Associated Nephrotoxicity
The dose and duration of vancomycin therapy and the serum trough concentration are all predictors of vancomycin-associated nephrotoxicity. In a retrospective cohort study (N = 291), patients with Gram-positive infections who received a vancomycin dose C4 g/day were 4.4 times more likely (p = 0.003) to develop nephrotoxicity (increase in SCr of 0.5 mg/dL or 50% over baseline) than those who received lower vancomycin doses [26] . According to the meta-analysis by van Hal et al. [11] , vancomycin trough concentrations C15 mg/L were associated with higher odds of nephrotoxicity than troughs \15 mg/L (odds ratio [OR] 2.67; 95% confidence interval [CI] 1.95-3.65). In addition, there was an incremental increase in the risk of nephrotoxicity with longer durations of treatment (i.e., 7-14 days compared with \7 days; p = 0.004) [27] . Patient factors and treatment with concomitant nephrotoxic medications also increase the risk of vancomycin-associated nephrotoxicity. Well-established patient risk factors for nephrotoxicity include greater patient weight [26, 28] , pre-existing renal impairment [7, 15] , and longer duration of stay in an ICU [15, 26, 28] . Figure 1 contains the design details and results of 4 studies that have evaluated risk factors associated with vancomycin-associated nephrotoxicity. Lodise et al. [26] reported that, in addition to high doses of vancomycin, body weight C101.4 kg, CrCl B86.6 ml/ min, and residence in an ICU were significantly associated with nephrotoxicity in their multivariate analysis. Coadministration of nephrotoxic medications increases the risk of nephrotoxicity and is perhaps most often reported with aminoglycoside antibiotics [27, 29, 30] . A multivariate analysis of data from 188 patients with hospital-acquired pneumonia showed that serum vancomycin trough concentrations C15 mg/L (OR 5.2; 95% CI 1.9-13.9), longer duration of vancomycin therapy (OR 1.12 per additional treatment day; 95% CI 1.02-1.23), and concomitant treatment with an aminoglycoside (OR 2.67; 95% CI 1.09-6.54) were all significantly associated with nephrotoxicity [30] . An analysis of data from patients with and without nephrotoxicity after C5 days of treatment with vancomycin showed that significantly more patients (p = 0.03) with nephrotoxicity had received concomitant nephrotoxic agents, including aminoglycoside antibiotics, intravenous contrast agents, nonsteroidal anti-inflammatory drugs, loop diuretics, and angiotensinconverting enzyme inhibitors [15] .
As noted, renal function recovers in most patients with vancomycin-associated nephrotoxicity after withdrawal of vancomycin. However, patients with nephrotoxicity tend to have worse outcomes than those whose renal function is minimally changed during treatment with vancomycin. Data show that patients with nephrotoxicity have prolonged hospital stays, are more likely to require treatment with additional antibiotics and/or dialysis, have higher healthcare costs, and are associated with higher mortality rates than patients without nephrotoxicity [15, [31] [32] [33] .
Consequences of Nephrotoxicity
Even modest increases in SCr have been correlated with increased medical costs, length of stay, and mortality in hospitalized patients [34] . This section reviews studies that explore some of these themes. It is important to understand that these studies are observational or retrospective in nature and, therefore, it is difficult to prove direct causality between vancomycin-associated nephrotoxicity and the consequences of increased costs, stay, or patient mortality.
Increased Length of Stay
A number of studies have demonstrated that nephrotoxicity is associated with increased hospitalization. In a retrospective cohort study of patients with MRSA bacteremia who received vancomycin, the duration of hospitalization was reported to be significantly longer in patients with nephrotoxicity than in those without nephrotoxicity (20 vs. 13 days; p = 0.001) [29] . Another study of 94 patients with healthcare-associated MRSA pneumonia who received vancomycin showed that the length of hospital stay was significantly longer in patients who developed nephrotoxicity than in those without nephrotoxicity (44.8 vs. 28.7 days, respectively; p = 0.006) [31] . Consistent with these results, another retrospective analysis of 188 patients with pneumonia who received vancomycin in an ICU showed that patients with nephrotoxicity remained in the ICU for significantly longer than those without nephrotoxicity (median 17 vs. 12 days, respectively; p = 0.03) [30] . The total duration of hospitalization was also longer, although the difference between patients with and without nephrotoxicity was not statistically significant (median 20 vs. 15 days; p = 0.06). Similar findings were noted in a retrospective review of patients (N = 227) in a tertiary care center in South Carolina, wherein patients treated with linezolid had a significantly higher probability of being discharged than vancomycin-treated patients [35] . Furthermore, an analysis conducted from the Spanish National Health System concluded that, in patients with renal failure, recipients of vancomycin spent more days on mechanical ventilation (13.2 vs. 7.6 days), in the ICU (14.4 vs. 9.9 days), and in hospital (19.5 vs. 16.1 days) than recipients of linezolid, although the differences were not statistically significant [17] . Taken together, these studies demonstrate a clear relationship between nephrotoxicity induced by vancomycin treatment and increased length of hospital stay.
Need for Dialysis
While uncommon, vancomycin-associated nephrotoxicity can progress to acute renal failure requiring dialysis [36] . A meta-analysis by van Hal et al. [11] included 15 vancomycin-associated nephrotoxicity studies. In a subset of studies that reported on the clinical course of vancomycinassociated nephrotoxicity, short-term dialysis was required for 6 of 192 (3%) patients. A retrospective study published after the meta-analysis compared rates of nephrotoxicity and renal failure requiring dialysis between critically ill patients treated with vancomycin (n = 571) or linezolid (n = 475) [37] . This study found that vancomycin trough levels [20 mg/L correlated with a significantly elevated risk for creatinine increase (relative risk [RR] 5.4; 95% CI 1.19-24.51) [37] . However, no significant differences were observed between the 2 treatment groups and the rate of hemodialysis (vancomycin 9.4% vs. linezolid 9.7%) [37] . Overall, these reports suggest that in the majority of cases only a small percentage of patients with nephrotoxicity require dialysis, and further study is needed to identify predictors of vancomycin-associated nephrotoxicity resulting in the need for dialysis in patients with renal failure.
Increased Mortality
Causation between vancomycin-associated nephrotoxicity and mortality has not been established. However, a correlation between vancomycin-associated nephrotoxicity and mortality has been reported in patients with severe Grampositive infections [15, [31] [32] [33] 35] . A retrospective analysis of 337 patients with MRSA bacteremia who received vancomycin evaluated the differences in effectiveness of guideline-recommended vs. lower-dose treatment. This analysis identified nephrotoxicity as an independent risk factor for in-hospital mortality that was not related to vancomycin dosing [33] . Other significant predictors associated with mortality included ICU admission, Pitt bacteremia score C4, and age of C53 years. In another retrospective study of 94 patients with healthcare-associated MRSA pneumonia who received vancomycin, inhospital mortality rates were also significantly higher in patients with nephrotoxicity than without (45 vs. 15%, respectively; p = 0.001) [31] . Similar increased patient mortality was also noted in a tertiary and quaternary medical center, wherein patients treated with vancomycin had a higher mortality rate than linezolid-treated patients (19.5 vs. 10%; p = 0.046) [35] . Among 227 patients who received vancomycin for C5 days at a community teaching hospital, 43 individuals (19%) developed nephrotoxicity. The 28-day mortality rate was 16% (7/43) in patients with nephrotoxicity and 5% (9/184) in those without AKI (p \ 0.05) [15] . The baseline characteristics of patients with and without nephrotoxicity were similar, with the exception of a lower GFR, higher Acute Physiology and Chronic Health Evaluation II scores, and a higher prevalence of malignancies among those with nephrotoxicity. These data indicate a strong connection between vancomycin-associated nephrotoxicity and higher patient mortality rates. However, further study is needed to determine whether nephrotoxicity induced by vancomycin treatment plays a more causal role in driving patient mortality.
Increased Costs
Vancomycin-associated nephrotoxicity is linked with increased direct medical costs. Economic analyses of data from 448 patients enrolled in the randomized ZEPHyR trial [38] showed that medical costs were considerably higher in patients with nosocomial MRSA pneumonia who developed nephrotoxicity during treatment with vancomycin or linezolid [17, 39] . Overall healthcare resource use and costs were similar in patients randomized to vancomycin or linezolid in the study. However, total treatment costs (p = 0.046) were significantly higher (by approximately $US8000) in patients with renal failure, and the incidence of renal failure was significantly higher in patients randomized to vancomycin than in those receiving linezolid (15 vs. 4%, respectively; p \ 0.001) [39] . Total costs in patients with renal failure were slightly higher in recipients of vancomycin than in those receiving linezolid ($US54415 vs. $US44054; p = 0.47) [39] . This finding was also noted in another retrospective review (N = 227), wherein patients treated with linezolid incurred slightly lower median total hospital charges ($US25900 vs. $US32100; p = 0.311) [35] . A Spanish National Health System study concluded that, in patients with renal failure, total medical costs were numerically higher for recipients of vancomycin than for recipients of linezolid (€20263 vs. €17219; p = 0.51) [17] . A total of 43 patients developed renal failure during the trial, including 34 recipients of vancomycin and 9 recipients of linezolid (p \ 0.001).
The increase in total medical costs is notable since the antibacterial acquisition cost for vancomycin is much lower than for other anti-MRSA antibiotics. The daily cost of vancomycin ranges from $US15 to $US55 compared with daptomycin at $US450 to $US750 per day, ceftaroline at $US370 to $US550 per day, linezolid at $US190 to $US370 per day, or telavancin at $US430 per day [9] . These studies highlight that the increased safety and efficacy of an antibacterial is likely worth the higher acquisition costs. The large disparity in cost between anti-MRSA antibacterials will dwindle because of the recent expiration of patents for daptomycin [40, 41] and linezolid [42] . The lower cost for generic antibacterial agents will change pharmacoeconomic models and likely result in a shift from vancomycin being the empiric anti-MRSA antibacterial of choice.
6 Pharmacokinetic/Pharmacodynamic Factors
Vancomycin Troughs
Consensus guidelines recommend serum vancomycin trough concentrations of 15-20 mg/L in adults with complicated S. aureus infections [3] . Achievement of a target vancomycin trough concentration of 15-20 mg/L has been associated with greater efficacy in patients with MRSA [27] , and troughs[15 mg/L have also been associated with an increased likelihood of nephrotoxicity in both prospective [8, 27, 43] and retrospective studies [7, 29, 31] . This evidence indicates that the guidelines may overemphasize the value of monitoring vancomycin trough concentrations to predict nephrotoxicity.
There are several limitations in using vancomycin troughs to optimize vancomycin dosing [3] . A vancomycin trough concentration represents a single exposure point at the end of a single dosing interval, and is, therefore, unlikely to accurately portray or predict the entire concentration-time profile throughout a course of therapy [44] . A series of simulations that calculated the probability of achieving a target area under the concentration-time curve (AUC) to minimum inhibitory concentration (MIC) ratio (AUC/MIC) of C400, and of developing nephrotoxicity, found high degrees of inter-and intra-individual variability in vancomycin trough concentrations when vancomycin dose, ICU residence, and CrCl were considered [44] . Although trough concentrations of 15-20 mg/L were closely linked to nephrotoxicity in these simulations, they did not consistently result in optimal AUC/MIC ratios, especially when the MIC for the infecting organism was assumed to be 2 mg/L. The focus on achieving this optimal AUC/MIC ratio has primarily been for MRSA [45] and not other pathogens where different pharmacodynamic goals may need to be defined.
Although a significant correlation between elevated vancomycin trough concentrations and nephrotoxicity has been found [11] , the correlation between vancomycin trough concentrations and patient outcomes is not strong. For example, in the prospective ZEPHyR trial in patients with MRSA nosocomial pneumonia, the incidence of renal toxicity increased progressively with vancomycin trough and was 18, 22, and 37% in those with troughs of \15, 15-20, and C20 mg/L, respectively. However, the treatment outcome in these patients was similar regardless of the day 3 vancomycin trough concentration when analyzed by quartile [38] .
Consistent with these results, Jeffres et al. [46] , found that vancomycin trough concentrations (p = 0.866) and AUC values (p = 0.941) were similar in patients who did and did not die during treatment for MRSA nosocomial pneumonia. Of 102 patients included in the retrospective analysis, 32 died and the mean serum trough concentrations in survivors and nonsurvivors were 13.6 and 13.9 mg/L, respectively. When all patients included in the analysis were grouped according to high (C15 mg/L) and low (\15 mg/L) vancomycin trough concentrations, the difference in mortality rates was not statistically significant (35.3 vs. 29.4%; p = 0.546). The authors concluded that aggressive dosing strategies that target trough concentrations [15 mg/L may not offer advantages over more conservative dosing regimens [46] .
In contrast, a retrospective single-center study that compared outcomes before and after implementation of guidelines recommending a target vancomycin trough concentration of 15-20 mg/L showed that, although success rates for patients with complicated MRSA bacteremia improved significantly (p = 0.034), there was no statistically significant difference in the mean length of stay (p = 0.28) or in the incidence of nephrotoxicity (p = 0.85) between the 2 study periods [6] . Initial serum vancomycin concentrations were significantly lower before than after the implementation of the new guidelines (12. 
Vancomycin Area Under the Curve to Minimum Inhibitory Concentration Ratio
The AUC/MIC ratio has been proposed as an alternative to serum trough concentration for monitoring the efficacy of vancomycin. In the case of S. aureus, a vancomycin AUC/ MIC ratio C400 has been suggested to provide a bactericidal effect that is superior to lower values [4] . This is based on a retrospective analysis of data from 108 patients with lower respiratory tract infections, among whom an AUC/MIC value of at least 350 was associated with superior clinical and bacteriological outcomes, whereas lower values were associated with a significantly lower clinical success rate (OR 7.19; p = 0.0036) [47] . On the basis of this study, the 2009 vancomycin consensus guidelines included a recommendation that a target AUC/ MIC ratio C400 should be achievable in patients with serum trough concentrations of 15-20 mg/L, provided that the MIC of the infecting pathogen is B1 mg/L [3] . However, a target AUC/MIC C400 is difficult to achieve with conventional dosing in patients with normal renal function if the MIC is C2 mg/L. According to simulations performed by Patel et al. [44] , if the infecting pathogen has an MIC of 2 mg/L, the use of an aggressive dosing regimen (2 g every 12 h) would result in attainment of the target AUC/MIC of C400 in only 57% of patients while precipitating nephrotoxicity in 34% of patients. The efficacy and safety of achieving and maintaining an AUC/MIC C400 has not been evaluated in prospective randomized clinical studies. However, a meta-analysis of 9 cohort studies has compared clinical outcomes in patients with high and low AUC/MIC ratios (C400 and \400). Patients with high AUC/MICs had significantly lower mortality rates (RR 0.47; 95% CI: 0.31-0.70; p \ 0.001) and treatment failure rates (RR 0.47; 95% CI 0.30-0.73; p = 0.001) than patients with low AUC/MICs [48] .
Higher steady state AUCs for vancomycin have also been shown to be associated with nephrotoxicity. Patients with AUCs C1300 mgÁh/L had a significantly higher incidence of nephrotoxicity (25.9 vs. 10.1%; p = 0.05 with lower exposure) in a retrospective analysis of data from 166 patients who received vancomycin for C48 h [28] . This trial also confirmed that trough concentrations were associated with nephrotoxicity; patients with an initial trough concentration of C9.9 mg/L had a significantly higher incidence of nephrotoxicity than patients with lower exposure (22 vs. 5%; p = 0.001) [28] .
Practical limitations mitigate against using the AUC/ MIC ratio to optimize vancomycin dosing. Simulations conducted by Neely et al. [49] , using pooled data from 47 adult patients who underwent intensive sampling in 3 studies, showed that estimating the AUC using a trough value alone significantly underestimated the ''true'' AUC by 25% [49] . Moreover, serum trough concentrations vary greatly among patients with normal renal function receiving identical dosing regimens. Neely et al. [49] , estimated that at least 50% of patients with a true AUC of C400 mgÁh/L, the target for infections with MIC values of 1 mg/L, would not have a trough serum concentration [15 mg/L. Thus, adjusting the dose upward to achieve a target trough concentration of 15 mg/L would needlessly increase the risk of nephrotoxicity in this large subset of patients. As noted, it is difficult to achieve a target AUC/ MIC C400 for patients in whom the infecting organism has an MIC of C1 mg/L with a standard dosing regimen [26, 47] .
Alternatives to Vancomycin
Vancomycin is considered the gold standard for treatment of MRSA infections [50] . However, in addition to nephrotoxicity, several issues, including slow bactericidal activity, low tissue penetration, and increasing reports of resistance and failure, restrict its usefulness [28, 29, 51] . A number of antibacterial agents, including daptomycin, linezolid, ceftaroline, and telavancin, have demonstrated efficacy in treating various MRSA infections [9, 50] . However, a limited number of studies have evaluated druginduced nephrotoxicity as an outcome. Table 1 summarizes studies that have assessed the incidence of nephrotoxicity following treatment with vancomycin or an alternative agent. In 2 of the 3 studies, vancomycin treatment was associated with a higher rate of nephrotoxicity and poorer clinical outcomes than alternative agents [38, 52] . Carreno et al. [53] , conducted a prospective randomized controlled trial to determine whether an early switch to an alternative therapy (daptomycin, linezolid, or ceftaroline) would prevent AKI in high-risk patients treated with vancomycin. Surprisingly, their analyses did not find a significant difference in the incidence of nephrotoxicity between patients treated with vancomycin or an alternative agent [53] . This finding is unexpected given the common belief that vancomycin treatment is associated with an increased risk for nephrotoxicity or AKI. Therefore, it will be important in the future to evaluate nephrotoxicity as an outcome to better characterize the utility and safety of an alternative therapy.
Provider Time and Associated Costs
Monitoring vancomycin serum concentrations and adjusting doses uses pharmacists' time and incurs costs. A retrospective analysis of the cost effectiveness of pharmacist-initiated vancomycin dose adjustments to prevent nephrotoxicity found that pharmacists spend about 40 min per patient reviewing charts, performing pharmacokinetic calculations, interpreting results, and following up with patients. The study included data from 57 patients receiving concomitant nephrotoxins, 68 in an ICU, and 78 with malignancies. The mean cost of preventing nephrotoxicity through pharmacokinetic dose adjustments was estimated to be $US25,167 per episode, and the mean cost of treating a nephrotoxic episode was $US11,234. Patients requiring dose adjustments incurred additional costs due to laboratory assays, pharmacist time, and nursing time, in addition to the cost of treating nephrotoxicity [54] . The authors concluded that dose adjustments were not cost effective for all patients but were cost effective for patients receiving concomitant nephrotoxic medications and for patients in the ICU [54] . It must be noted that, as this study was conducted over 10 years ago, some of the numbers may not accurately reflect current drug costs.
In patients with uncomplicated MRSA bacteremia who received vancomycin for C72 h, maintenance of more narrow vancomycin trough ranges (15-20 vs. 5-20 mg/ml) significantly lowered median duration of vancomycin therapy (8.5 vs. 13 days, p \ 0.001) with a slight but nonsignificant decrease in overall costs [6] . Total medication costs ($US161.2 vs. $US116.48; p = 0.003) and costs associated with monitoring vancomycin concentrations ($US68.68 vs. $US56.56; p = 0.004) were higher after implementing more stringent target vancomycin concentrations. Length of stay was significantly longer in patients with nephrotoxicity (17 days [interquartile range (IQR) 11.5-36.5] vs. 14 days [ ; p = 0.017), and costs associated with monitoring renal function and vancomycin concentrations were increased in patients with nephrotoxicity; however, there was no statistically significant difference in the incidence of nephrotoxicity for the 2 target ranges [6] .
Redistribution of Effort
Pharmacists can redistribute their time to antimicrobial stewardship program (ASPs) initiatives. For example, pharmacist-directed ASPs have been found to lower healthcare spending and improve patient outcomes [55] . Some ASPs have assessed the effect of antibacterial restriction on institutional expenditure, antibiotic usage and resistance, and patient outcomes [56, 57] . A restriction of ciprofloxacin at a tertiary care center was linked to a decrease in the resistance of Pseudomonas aeruginosa [57] . Another study evaluated a large cohort over a 5-year period and found that carbapenem restriction resulted in significantly lower antibacterial usage and incidence of resistance among P. aeruginosa isolates [56] . Furthermore, other ASPs instituted prior authorization or approval systems as a method of antibacterial restriction and observed improved antibacterial susceptibility, patient outcomes, and lower expenditures [58, 59] . White et al. [59] observed that instituting a prior authorization system dramatically lowered total expenditures by 32% (p \ 0.01) and enhanced susceptibility to several antibacterial agents [59] . Implementation of an electronic approval system by a tertiary care hospital resulted in lower antibacterial consumption and a trend of increased S. aureus and P. aeruginosa susceptibility [58] . These data indicate that restricting antibacterials not only helps lower their overall usage but also improves antimicrobial susceptibility patterns. Antimicrobial stewardship programs aim to achieve optimal clinical outcomes from antimicrobial use while minimizing toxicity and other adverse events, thereby limiting the selective pressure that promotes antimicrobialresistant strain emergence [60] . It is recommended that the ASP team comprise a physician, a pharmacist, a clinical microbiologist, and an infection preventionist [60] . In institutions that do not have infectious disease (ID) physicians, more responsibility tends to be assumed by pharmacists.
An analysis of data before and after implementation of a pharmacist-driven ASP in such a hospital documented considerable cost savings [61] . After implementation of the ASP, the days of therapy per 1000 patient days decreased for carbapenems, daptomycin, echinocandins, and [62] . Finally, a retrospective study evaluated the effect of an ID pharmacist and ID physician ASP team on cost savings and patient care improvement in 2 large hospitals compared with hospitals within the same integrated system that had no ASP or an ASP with an ID physician only [63] . At 1 year after the implementation of the ASP team, use of anti-MRSA antimicrobials decreased by 9.9% and the comparator sites showed a 15% increase (p \ 0.0001) in the same timeframe. Similarly, the cost of antimicrobials decreased (17.3%), as did the hospital standardized mortality ratio for sepsis and respiratory infections for study hospitals. Taken together, these studies indicate that a successful pharmacist-directed ASP is associated with improved patient outcomes and represent a better use of pharmacist time than routine monitoring of vancomycin concentrations.
Conclusions
Sixty years after its introduction into clinical practice, vancomycin continues to have an important role in the treatment of severe Gram-positive infections. However, given the variable outcomes associated with vancomycin treatment, it remains critical to evaluate the key issues of drug toxicity, high trough concentrations, and the additional clinical time required to achieve effective treatment that can lead to this agent's diminished utility. Nephrotoxicity is the most significant adverse effect associated with vancomycin and is associated with increased length of stay, higher costs, use of alternative antibiotics, receipt of hemodialysis, and higher mortality rates. Monitoring vancomycin concentrations is recommended to optimize therapy, and, although there is a clear relationship between higher trough concentrations and the incidence of nephrotoxicity, a link between higher trough concentrations and efficacy is less clear. Monitoring vancomycin serum concentrations may not be cost effective for all patients. Significant resources are spent monitoring vancomycin concentrations that could be reallocated to ASPs, which have been shown to decrease antibiotic use, lower the incidence of nephrotoxicity, and promote better outcomes in patients.
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